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RhoA/ROCK/PTEN signaling is involved in 
AT-1 01 -mediated apoptosis in human leukemia 
cells in vitro and in vivo 

G Li 1 ' 4 , L Liu 1 ' 4 , C Shan 1 , Q Cheng 1 , A Budhraja 2 , T Zhou 1 , H Cui*' 3 and N Gao*' 1 

R-( - )-gossypol acetic acid (AT-1 01) is a natural cottonseed product that exhibits anticancer activity. However, the molecular 
mechanism behind the antileukemic activity of AT-1 01 has not been well characterized. In this study, we investigated how AT-1 01 
induces apoptosis in human leukemia cells. Exposure to AT-1 01 significantly increased apoptosis in both human leukemia cell 
lines and primary human leukemia cells. This increase was accompanied by the activation of caspases, cytochrome c release, 
Bcl2-associated X protein (Bax) translocation, myeloid cell leukemia-1 (Mcl-1) downregulation, Bcl-2-associated death promoter 
(Bad) dephosphorylation, Akt inactivation, and RhoA/Rho-associated coiled-coil containing protein kinase 1/phosphatase and 
tensin homolog (RhoA/ROCK1/PTEN) activation. RhoA, rather than caspase-3 cleavage, mediated the cleavage/activation of 
ROCK1 that AT-1 01 induced. Inhibiting RhoA and ROCK1 activation by C3 exoenzyme (C3) and Y27632, respectively, attenuated 
the ROCK1 cleavage/activation, PTEN activity, Akt inactivation, Mcl-1 downregulation, Bad dephosphorylation, and apoptosis 
mediated by AT-1 01. Knocking down ROCK1 expression using a ROCK1 -specific siRNA also significantly abrogated AT-1 01- 
mediated apoptosis. Constitutively active Akt prevented the AT-1 01 -induced Mcl-1 downregulation, Bad dephosphorylation, 
and apoptosis. Conversely, AT-1 01 lethality was potentiated by the phosphatidylinositol 3-kinase inhibitor LY294002. In vivo, 
the tumor growth inhibition caused by AT-1 01 was also associated with RhoA/ROCK1/PTEN activation and Akt inactivation in 
a mouse leukemia xenograft model. Collectively, these findings suggest that AT-1 01 may preferentially induce apoptosis 
in leukemia cells by interrupting the RhoA/ROCK1/PTEN pathway, leading to Akt inactivation, Mcl-1 downregulation, 
Bad dephosphorylation, and Bax translocation, which culminate in mitochondrial injury and apoptosis. 
Cell Death and Disease (2014) 5, e998; doi:1 0.1 038/cddis.201 3.51 9; published online 16 January 2014 
Subject Category: Cancer 



Members of the Rho GTPase family have important roles in 
regulating several aspects of cytoskeleton-based functions, 
including cell migration, proliferation, and apoptosis. 1 ' 2 The 
Rho-associated coiled-coil containing protein kinase (ROCK) 
serine/threonine kinase is a major downstream effector of Rho 
GTPases that controls actin-cytoskeleton assembly and 
actomyosin contractility via the phosphorylation of numerous 
downstream target proteins, including the myosin light chain 
(MLC) and actin-binding Lin1 1 , lsl-1 , and Mec-3 domain (LIM) 
kinases. Consequently, ROCK mediates membrane blebbing, 
enhances actin-myosin contraction, and activates caspase 
signaling cascades and cellular apoptosis. 3-5 

Phosphatase and tensin homolog (PTEN) has been 
identified as a new ROCK substrate. 6 ROCK phosphorylates 
PTEN, which stimulates its phosphatase activity. PTEN is a 



negative regulator of the phosphatidylionositol 3-kinase 
(PI3-K)/Akt pathway, which has important roles in cell survival 
and apoptosis. 7 ' 8 ROCK appears to be involved in both positive 
and negative regulation of PI3-K/Akt signaling, and the 
outcome may depend on cell type or stimulus. For instance, 
in HEK cells, PTEN decreases the Akt phosphorylation levels 
induced by ROCK activation. 9 In contrast, a previous study has 
shown that ROCK interacts with and phosphorylates IRS1 at 
Ser632/635 to enhance PI3-K activation in adipocytes, muscle 
cell lines, and isolated soleus muscle ex vivo? 0 

R-( - )-gossypol acetic acid (AT-1 01) is a natural cotton- 
seed product that has been identified as a small-molecule 
inhibitor of B-cell lymphoma 2/B-cell lymphoma-extra large/ 
myeloid cell leukemia-1 (Bcl-2/Bcl-xL/Mcl-1) and potently 
induces apoptosis in various cancer cell lines. 11 ' 12 AT-1 01 is 
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one of the world's first small-molecule Bcl-2 inhibitors to enter 
clinical trials and is now in phase II clinical trials for hormone- 
refractory prostate, breast, and lung cancer as well as 
leukemia. 13-16 Preclinical studies revealed that AT-101 can 
simultaneously antagonize several antiapoptotic Bcl-2 pro- 
teins, including Bcl-2, Bcl-xL, Bcl-W, and Mcl-1 , which interfere 
with mitochondrial outer membrane permeabilization. 17 
Several signaling pathways have been reportedly involved in 
AT-101 -triggered apoptosis, including the ROS-ERK-CHOP 
pathway in colon cancer cells, 18 the Akt-p53 pathway and 
Bcl2-associated X protein (Bax) translocation in ovarian 
cancer cells, 19 the COX2/PGE 2 pathway in colorectal 
carcinoma cells, 20 and the downregulation of telomerase 
reverse transcriptase expression in leukemia cells. 21 Currently, 
the mechanisms by which AT-101 induces apoptosis in 
leukemia cells have not yet been characterized. 

In the present study, we investigated how AT-101 induces 
apoptosis in human leukemia cells. Specifically, we evaluated 
the role of the RhoA/ROCK1/PTEN signaling pathway in 
regulating the expression of Bcl-2 family proteins and the 
activation of the mitochondrial apoptotic pathway. We found 
that AT-101 induces apoptosis in both human leukemia 
cell lines and primary human leukemia cells, and 
also inhibits tumor growth of U937 xenograft mouse model 
via RhoA/ROCK1/PTEN signaling, Akt inactivation, Mcl-1 



downregulation, Bcl-2-associated death promoter (Bad) 
dephosphorylation, and Bax translocation. These findings 
identify a novel mechanistic basis for AT-101 in leukemia 
treatment. 

Results 

Apoptosis and mitochondrial injury is induced by 
AT-101 in multiple leukemia cell lines and primary human 
leukemia cells but not in normal human peripheral blood 
mononuclear cells. We examined the effects of AT-101 on 
apoptosis and mitochondrial injury (loss of A\|/ m ) in U937 
leukemia cells. Treating cells with various dosages and 
lengths of AT-101 markedly increased apoptosis and 
mitochondrial injury (Figure 1a). The same AT-101 concen- 
trations and treatment lengths resulted in the cleavage of 
caspase-3, caspase-9, and PARP. These events were 
accompanied by the release of cytochrome c into the cytosol 
(Figure 1b). 

Parallel studies were also performed using Jurkat T-lym- 
phoblastic and HL-60 promyelocytic leukemia cells to 
determine whether these events were restricted to myeloid 
leukemia cells. These cells exhibited apoptotic effects when 
exposed to AT-101 that were similar to those of U937 cells, 
although the HL-60 cells were less sensitive to these effects 
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Figure 1 AT-1 01 selectively induced apoptosis and mitochondrial injury in human leukemia cell lines, (a) U937 cells were treated with or without various doses of AT-101 
for 12 h or with 20 /M AT-101 for different lengths as indicated. Apoptosis was measured by flow cytometry using Annexin V/propidium iodide (PI) staining. In a separate 
experiment, cells were stained with DiOC 6 , and the decrease in A\|/ m was determined by monitoring DiOC 6 uptake using flow cytometry, low' A\|/ m values are expressed as 
the percentage of cells exhibiting a diminished mitochondrial membrane potential. The results from the Annexin V/PI and DiOC 6 assays represent the mean ± S.D. for five 
separate experiments, (b) Total cellular extracts and cytosolic fractions were analyzed by western blot analysis using antibodies against poly (ADP-ribose) polymerase 
(PARP), cleaved-caspase-3 (C-Caspase 3), cleaved-caspase-9 (C-Caspase 9), and cytochrome c (Cyto c). (c) U937, Jurkat, and HL-60 cells were treated with or without 
20 fM AT-101 for 12 h, and apoptosis was measured by flow cytometry, (d) Western blot analysis were used to determine PARP, C-Caspase 3, C-Caspase 9, and Cyto c 
expression. For each western blot analysis, each lane was loaded with 30 /ug of protein. Blots were subsequently stripped and reprobed with anti-/?-actin to ensure equivalent 
loading. CF, cleaved fragment; FITC, fluorescein isothiocyanate 
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(Figure 1c). In addition, the Jurkat and HL-60 cells also 
exhibited comparable caspase-3 and caspase-9 activation, 
PARP cleavage, and cytochrome c release (Figure 1d). 

Next, we examined whether AT-101 could also trigger 
apoptosis in primary human leukemia cells by using primary 
leukemia blasts isolated from 15 acute myeloid leukemia 
(AML) patients. Exposing AML blasts to AT-101 resulted in a 
marked increase in apoptosis (Figure 2a). In leukemia blasts 
from three AML patients, AT-101 treatment also resulted in 
caspase-3, caspase-9, and PARP cleavage and the release 
of cytochrome c (Figure 2b). In contrast, little AT-101 toxicity 
was observed in normal human peripheral blood mononuclear 
cells (Figure 2c). In these normal cells, AT-101 had little effect 
on caspase-3, caspase-9, and PARP cleavage (Figure 2d). 
These findings suggest that AT-101 selectively induces 
apoptosis and mitochondrial injury in human leukemia cell 
lines and primary human leukemia cells but not in normal 
human peripheral blood mononuclear cells. 

Mcl-1 downregulation, Bad dephosphorylation, and Bax 
translocation in leukemia cells treated with AT-101. AT- 
101 can simultaneously antagonize several antiapoptotic Bcl- 
2 proteins, including Bcl-2, Bcl-xL, and Mcl-1, which interfere 
with mitochondrial outer membrane permeabilization. 17 
Thus, we examined the effects of AT-101 on the expression 
of antiapoptotic Bcl-2 family proteins in U937 cells. There 
was a marked dose- and time-dependent decrease in Mcl-1 
expression in cells treated with AT-101. Treating cells with 
TW-37, a positive control of Mcl-1 inhibitor, also decreased 
Mcl-1 level (Figure 3a). In contrast, AT-101 had little effect on 
Bcl-2 and Bcl-xL expression (Figure 3a). 

We also examined the effects of AT-101 on Bad phosphor- 
ylation and the translocation of Bax from the cytosol to the 
mitochondria. Bax and Bad are proapoptotic proteins that can 



regulate mitochondria-dependent apoptosis. ' Treating 
cells with AT-101 decreased phospho-Bad levels and 
translocated Bax from the cytosol to the mitochondria in both 
dose- and time-dependent manner (Figure 3a). Immunofluor- 
escence was used to investigate the subcellular localization of 
Bax during AT-101 -induced apoptosis. Bax was largely 
distributed in the cytosol in untreated cells; when cells were 
treated with AT-101, the cellular localization of Bax clearly 
shifted from the cytosol to the mitochondria (Figure 3b). 

Marked decreases in Mcl-1 and phosphorylated Bad and 
Bax translocation after AT-1 01 treatment were also observed 
in Jurkat and HL-60 cells (Figure 3c) and primary human 
leukemia blasts but not in normal human peripheral blood 
mononuclear cells (Figure 3d). These findings suggest that 
AT-1 01 -induced apoptosis is associated with Mcl-1 down- 
regulation, Bad dephosphorylation, and Bax translocation in 
both human leukemia cell lines and primary human leukemia 
blasts. 

AT-101 increased PTEN activity and decreased Akt 
phosphorylation in leukemia cells. PI3-K/Akt signaling 
directly affects the apoptosis by targeting Bcl-2 family 
proteins. 24 PTEN negatively regulates the PI3-K/Akt path- 
way, 25 and therefore we determined the effect of AT-101 on 
phosphorylated PTEN and Akt levels. Treating cells with 
various dosages and lengths of AT-101 markedly increased 
phospho-PTEN levels and slightly increased total PTEN 
expression (Figure 4a). AT-101 also significantly decreased 
phospho-Akt (p-Akt) levels. Similar results were observed in 
Jurkat and HL-60 cells and primary human leukemia blasts 
but not in normal human peripheral blood mononuclear cells 
(Figures 4b-d). These findings indicate that PTEN activation 
and Akt inactivation may be involved in the apoptosis 
induced by AT-101 in human leukemia cells. 
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Figure 2 AT-101 selectively induced apoptosis in primary human leukemia cells but not in normal human peripheral blood mononuclear cells, (a) Primary leukemia blasts 
were isolated from the peripheral blood of 15 patients. After exposure to 20 (M AT-101 for 24 h, apoptosis was measured using flow cytometry. The results from the Annexin 
V/propidium iodide (PI) assays represent the mean ± S.D. for five separate experiments, (b) Whole-cell lysates and cytosolic fractions from blasts isolated from three AML 
patients were obtained and analyzed by western blot analysis using antibodies against poly (ADP-ribose) polymerase (PARP), cleaved-caspase-9 (C-Caspase 9), cleaved- 
caspase-3 (C-Caspase 3), and cytochrome c (Cyto c). (c) Normal human peripheral blood mononuclear cells (PBMCs) were exposed to 20 fM AT-101 for 6, 12, and 24 h. 
Apoptosis was then measured by flow cytometry, (d) Normal human PBMCs were treated with 20 ^M AT-101 for 24 h, after which whole-cell lysates were prepared and 
subjected to western blot analysis using antibodies against PARP, Pro-caspase-3 and Pro-caspase-9. CF, cleaved fragment 



Cell Death and Disease 



RhoA/ROCKl/PTEN in AT- 101 -mediated apoptosis 

G Li etal 



AT-101 (|iM) AT-101 (h) TW-37 

0 5 10 15 20 0 1 3 6 9 12 - + 



Mcl-1 - | 
Bcl-2- [^ 
Bcl-xL-Q 



p-Bad- [~"— • 
[3-actin - f^ » j 



Bax - | 



(3-actin - | «— — T 



Bax- | 
Cox I V -| 



^Mcl-1 



* — h ft-actin 



Bax 



MitoTracker Merge 




U937JurkatHL60 

AT-101 
Mcl-1 -|— — — | 

(3-actin-[^ — _ — 



Bax - | — -T 
(3-actin - |~ 



I Cox IV-Q 



P10 

AT-101 - + 
Mcl-1 - |*»-' 



.« I Bax H - 1 



P11 P13 



p-Bad-|j 



Bad- [^~«— I 
(3-acti n — — — - 

Bax-Q 
[3-actin -[i 

Bax-Q 
Cox IV-G 



PBMC s 
AT-101 - + 
Mcl-1 - l^^l 

Bad -I —I 



(3-actin - 



Figure 3 AT-101 downregulated Mcl-1 , dephosphorylated Bad, and translocated Bax. (a) U937 cells were treated with or without AT-101 at the indicated concentrations 
and for the indicated lengths. Total cellular extracts and cytosolic and mitochondrial (Mit) fractions were analyzed by western blot analysis using antibodies against Mcl-1 , Bcl-2, 
Bcl-xL, Bad, phospho-Bad (p-Bad), and Bax. U937 cells were also treated with 10 /uM TW-37 for 24 h, total cellular extracts were analyzed by western blot analysis using 
antibodies against Mcl-1. (b) Immunostaining of mitochondria (red) and Bax (green). Scale bar represents 5 fim. (c and d) U937, Jurkat, and HL60 cells were treated with or 
without 20 /uU AT-101 for 12 h, and three AML blasts and normal human peripheral blood mononuclear cells were treated with or without 20 /uU AT-101 for 24 h. Total cellular 
extracts and cytosolic and Mit fractions were analyzed by western blot analysis. Blots were then stripped and reprobed with antibodies against /?-actin (total cellular extract and 
cytosolic fraction) or complex IV (COX IV) (mitochondrial fraction) to ensure equivalent loading 



AT-101 increased RhoA and ROCK1 activation in 
leukemia cells. Next, we examined the effect of AT-101 
on ROCK1 , ROCK2, and RhoA activation. ROCK1 is a major 
target of RhoA that regulates PTEN and helps control 
apoptosis. 3 ' 9 AT-101 caused a dose- and time-dependent 
increase in the GTP-activated form of RhoA, decrease in 
ROCK1 levels, and an increase in ROCK1 cleavage 
(Figure 4a). Modest decreases in RhoA levels were also 
noted in the cells treated with AT-101. In contrast, AT-101 
had no effect on expression of ROCK2 (Figure 4a). Marked 
increases in RhoA and ROCK1 activation were also 
observed in Jurkat and HL-60 cells and primary leukemia 
blasts from three AML patients but not in normal human 
peripheral blood mononuclear cells (Figures 4b-d). In 
contrast, AT-101 had no effect on expression of ROCK2 in 
these cells (Figures 4b and c). Taken together, these results 
suggest that RhoA-ROCK1 signaling is essential for AT-101- 
mediated apoptosis in both human leukemia cell lines and 
primary leukemia blasts. 

ROCK1 is activated by RhoA, rather than caspase-3, in 
AT-101 -treated leukemia cells. As ROCK1 is a prominent 
caspase-3 substrate that is cleaved and activated during 
apoptosis, 4 ' 9 we also investigated the effects of z-VAD-fmk, a 
broad caspase inhibitor, on the cleavage and activation of 
ROCK1 during AT-101 -induced apoptosis. Treating cells with 
both AT-101 and z-VAD-fmk (20 ^M) significantly abrogated 
apoptosis and caspase-3 activation (Figures 5a and b). 



However, pretreatment with z-VAD-fmk failed to prevent the 
cleavage/activation of ROCK1 (Figure 5b). Knocking down 
caspase-3 using siRNA also significantly diminished the 
apoptosis and caspase-3 activation, but not ROCK1 clea- 
vage, induced by AT-101 (Figures 5c and d). These findings 
indicate that the cleavage/activation of ROCK1 caused by 
AT-101 exposure is not a secondary caspase-dependent 
event. 

Our results indicate that caspase-3 is not involved in 
ROCK1 activation during AT-101 -induced apoptosis. There- 
fore, we investigated the possibility ROCK1 cleavage/activa- 
tion via RhoA using C3 exoenzyme (C3), a selective RhoA 
inhibitor. Treating cells with both C3 (5^g) and AT-101 
(20^M) for 12 h significantly decreased apoptosis levels 
(Figure 6a). Cotreatment with C3 also abrogated caspase-3 
and caspase-9 activation, PARP cleavage, cytochrome c 
release, and RhoA/ROCK1 activation that AT-101 induces 
(Figures 6b and c). These data indicate that the ROCK1 
cleavage/activation involved in AT-101 -mediated apoptosis 
occurs via RhoA, rather than caspase-3. 

The roles of ROCK1 activation and Akt inactivation in 
AT-101 -mediated apoptosis. We used Y27632, a ROCK1 
inhibitor, to determine whether ROCK1 regulates PTEN 
activity and Akt inactivation during AT-101 -induced apopto- 
sis. Treating cells with both Y27632 (20 /iM) and AT-101 
(20 ^M) for 12 h significantly decreased apoptosis levels 
(Figure 6d). Coadministration of Y27632 also reduced 
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Figure 4 AT-101 activated RhoA, ROCK1 , and PTEN and inactivated Akt. (a) U937 cells were treated with or without AT-101 at the indicated concentrations and for the 
indicated lengths, (b) U937, Jurkat, and HL60 cells were treated with or without 20 (M AT-101 for 12 h. (c) Three AML blasts were treated with or without 20 for 24 h. 
(d) Normal human peripheral blood mononuclear cells were exposed to 20 [M AT-101 for 24 h. Total cellular extracts were analyzed by western blot analysis using antibodies 
against phospho-PTEN (p-PTEN), PTEN, phospho-Akt (Ser473, p-Akt), Akt, and ROCK1. Active RhoA-GTP was pulled down by glutathione S-transferase linked to the 
RhoA-binding domain of Rhotekin (GST-RBD); bead/protein complexes and total RhoA were detected by immunoblotting with anti-RhoA, CF, cleaved fragment 



caspase-3 and caspase-9 activation, PARP cleavage, and 
cytochrome c release and blocked ROCK1 cleavage/activa- 
tion, PTEN activity, Akt inactivation, Mcl-1 downregulation, 
Bad dephosphorylation, and Bax translocation (Figures 6e 
and f). 

Next, we knocked down ROCK1 expression in U937 cells 
using a ROCK1 -specific siRNA. Knocking down ROCK1 
expression significantly abrogated AT-101 -mediated apopto- 
sis and diminished AT-101 -induced PARP cleavage, caspase 
activation, and cytochrome c release (Figures 6g and h). 
Western blot analysis showed that U937 cells transfected with 
ROCK1 siRNA had reduced total ROCK1 and cleaved 
ROCK1 expression. Knocking down ROCK1 also blocked 
PTEN activity, Akt inactivation, Mcl-1 downregulation, Bad 
dephosphorylation, and Bax translocation mediated by AT- 
101 (Figure 6i). Taken together, these findings suggest that 
ROCK1 activation has an important role in regulating PTEN 
activity in leukemia cells that are exposed to AT-101. This 
results in downstream Akt inactivation, Mcl-1 downregulation, 
Bad dephosphorylation, Bax translocation, and finally 
apoptosis. 

These data also suggest that Akt inactivation may have an 
important role in the apoptosis induced by AT-101 ; therefore, 



LY294002, a PI3-K inhibitor, was coadministered with AT-101 
to test this possibility. Nontoxic concentrations of LY294002 
(i.e., 20 /M, ~ 1 1 %) combined with modestly toxic concentra- 
tions of AT-101 (10juM, ~33%) significantly increased 
apoptosis levels by -66% (Figure 7a). Coadministration of 
LY294002 also increased caspase-3 and caspase-9 activa- 
tion, PARP cleavage, and cytochrome c release; potentiated 
Mcl-1 downregulation, Bad dephosphorylation, and Bax 
translocation; and virtually abrogated Akt activation (Figures 
7b and c). 

To further characterize the functional role of Akt in AT-1 01 - 
mediated apoptosis, U937 cells that ectopically expressed 
constitutively active forms of Akt (Akt-CA) were treated with 
AT-101 . Two separate clones (Akt-CA6 and Akt-CA10) with 
variable degrees of constitutively active Akt were both less 
sensitive to AT-101 than a vector control (Figure 7d). 
Western blot analysis showed increases in both total and 
phospho-Akt expression in Akt-CA cells, and AT-101 failed 
to inhibit Akt phosphorylation in these cells (Figure 7f). The 
caspase-3 and caspase-9 activation, PARP cleavage, and 
cytochrome c release induced by AT-1 01 were also markedly 
attenuated in Akt-CA cells (Figure 7e). Furthermore, 
the constitutive activation of Akt blocked the Mcl-1 



Cell Death and Disease 



RhoA/ROCKl/PTEN in AT- 101 -mediated apoptosis 

G Li etal 



■ g 




- 

pi 





10 u 10 1 10^ 10 J 10 4 10 u 10 1 10^ 10 J 10 4 



... 





il 







10° 10 1 10 2 10 3 10 4 10° 10 1 10 2 10 3 10 4 
z-VAD-fmk AT-1 01 + z-VAD-fmk 




Annexin V-FITC 



Control siRNA 



Control 



AT-1 01 







0 







mm 




B - 



10° 10 1 10 2 10 3 10 4 



10° 10 1 10 2 10 3 10 4 B.-| 50 



10 u 10 1 10* 10 J 10 4 

Control 



10° 10 1 10 2 10 3 10 4 
AT-1 01 




Caspase 3 
siRNA 



Caspase 3 siRNA 



Control Caspase 3 
siRNA siRNA 



AT-1 01 

Pro-caspase 3 ■ 

ROCK1 ■ 



CF- 
p-actin . 



Annexin V-FITC 
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downregulation, Bad dephosphorylation, and Bax transloca- 
tion mediated by AT-1 01 (Figure 7f). These findings 
indicate that Akt inactivation has a critical role in the 
apoptosis induced by AT-1 01 and that Akt lies upstream of 
Mcl-1 downregulation, Bad dephosphorylation, and Bax 
translocation. 

AT-1 01 suppressed tumor growth in a U937 xenograft 
model. Finally, NOD/SCID mice were subcutaneously 
inoculated with U937 cells to determine whether these 
in vitro findings were applicable in vivo. After inoculation, 
mice received injections of either vehicle or AT-1 01 
(50mg/kg intraperitoneal^) for 60 days. The median 
survival time of the control group (n = 20) was approxi- 
mately 35 days. Daily AT-1 01 treatment significantly 
prolonged the animals' survival compared with their 
vehicle-treated controls (**P<0.01). The median survival 
time of the AT-1 01 -treated animals (n = 20) was 53 days 
(Figure 8a). 

We also examined the effects of AT-1 01 on the tumor 
volume of the U937 xenografts. AT-1 01 modestly, but 
significantly, suppressed tumor growth at 10 days after the 



first drug exposure (*P<0.05). This effect became more 
apparent after 1 5 and 20 days of drug exposure and was quite 
extensive by 25 and 30 days (**P<0.01) (Figure 8b). 
No statistically significant changes in body weight were noted 
between the control and AT-1 01 -treated mice (Figure 8c). 
Moreover, mice from the AT-1 01 group did not exhibit any 
other signs of toxicity, such as agitation, impaired movement 
and posture, indigestion or diarrhea, and areas of redness or 
swelling. 

We then used hematoxylin and eosin (H&E), the terminal 
deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling (TUNEL) assay, and immunohistochemistry to 
examine morphological changes and the induction of 
apoptosis in U937 cells in vivo. U937 xenografts from mice 
treated with AT-1 01 had lower numbers of cancer cells and 
exhibited signs of necrosis, infiltration of inflammatory cells 
(i.e., phagocytic cells), fibrosis, and apoptosis (Figure 8d, top 
panels). Tumor sections from these mice also showed 
numerous dark brown-colored apoptotic cells (Figure 8d, 
middle panels). AT-1 01 exposure caused a rapid 
increase in immunoreactivity for the cleaved forms of 
caspase-3 and PARP, which are indicative of apoptosis 



Cell Death and Disease 



RhoA/ROCKl/PTEN in AT- 101 -mediated apoptosis 

G Li et al 




ROCK1 
siRNA 



AT-101 - + - + 
C3 - - + + 

PARP-T= 

CF 



C-Caspase 3 
C-Caspase 9 - 

0 [3-actin 

1 Cytoc 
% (3-actin-' 



AT-101 

Y27632 

PARP - 
CF 



C-Caspase 3 ; 

C-Caspase 9 
(3-actin . 



Cyto c -£ 



(3-actin - 



Control ROCK1 
siRNA siRNA 



AT-101 
PARP- 

CF- 

C-Caspase 3- 
C-Caspase 9- 
(3-actin- 



Cyto c -|_ 
(3-actin 



AT-101 - + 
C3 - - 
ROCK1 - 



CF- 
(3-actin - 



Pull Down Assay 



AT-101 

C3 

RhoA-GTP 



Total RhoA- |«— ~ 





AT-101 




+ 




+ 




Y27632 






+ 


+ 




ROCK1 - 












CF- 










p-PTEN- 












p-Akt- 












Mcl-1 - 












p-Bad - 










o 


(3-actin - 










o 

CO 


Bax- 










o 

% 


(3-actin - 










O 






1 


Bax- 






Cox IV- 











AT-101 
ROCK1 



Control ROCK1 
siRNA siRNA 

- + - + 



CF 

p-PTEN 

p-Akt 

Mcl-1 
p-Bad 

(3-actin ■ 
Bax 

(3-actin . 
Bax 

Cox IV 



Figure 6 RhoA/ROCK1 activation has an important functional role in AT-101 -induced apoptosis. U937 cells were transfected with 5 fig C3 (premixed with FuGENE 6 
reagent in RPM1 1640 medium). After 5 h incubation, cells were treated with 20 AT-101 for 12 h. (a) Apoptosis was measured by flow cytometry. Error bars represent the 
mean ± S.D. (n=5). Values for cells treated with AT-101 and C3 were significantly lower than those for cells treated with AT-101 alone (**P<0.01). (b and c) Whole-cell 
lysates and cytosolic fractions were analyzed by western blot analysis. Activated RhoA was pulled down by glutathione S-transferase linked to the RhoA-binding domain of 
Rhotekin (GST-RBD) and analyzed by immunoblotting. U937 cells were pretreated with Y-27632 (20 /iU), a specific ROCK1 inhibitor, for 2 h, followed by 20 AT-101 for 
12 h. (d) Apoptosis was measured by flow cytometry. Error bars represent the mean ± S.D. (n = 5). Values for cells treated with AT-101 and Y27632 were significantly lower 
than those for cells treated with AT-101 alone (**P<0.01). (e and f) Total cellular extracts and cytosolic and mitochondrial fractions were analyzed by western blot analysis. 
U937 cells were infected with lentivirus containing ROCK1 -specific small interfering RNA (siRNA) (siROCKI) or a scrambled control siRNA. Cells were then treated with or 
without 20 /uM AT-101 for 12 h. (g) Apoptosis was measured by flow cytometry. Error bars represent the mean ± S.D. (n = 5). Values for siROCKI cells treated with AT-101 
were significantly lower than those for control siRNA cells treated with AT-101 (**P<0.01). (h and i) Total cellular extracts and cytosolic and mitochondrial fractions were 
analyzed by western blot analysis. C-Caspase 3, cleaved-caspase-3; C-Caspase 3, cleaved-caspase-9; CF, cleaved fragment; COX IV, complex IV; Cyto c, cytochrome c; p, 
phosphorylated; PARP, poly (ADP-ribose) polymerase; PI, propidium iodide 



(Figure 8d, bottom panels). These findings suggest that 
AT-101 significantly inhibited tumor growth of U937 xeno- 
grafts by inducing apoptosis. 

Western blot analysis and pull-down assays were used to 
further evaluate whether the RhoA/ROCK1/PTEN signaling 
pathway was involved in the antileukemic activity of AT-101 
in vivo. In mice that were treated with AT-101 , RhoA/ROCK1/ 
PTEN activation and Akt inactivation occurred (Figure 8e). 
This suggests that interrupting the RhoA/ROCK1/PTEN 



signaling pathway could contribute to the antileukemic activity 
of AT-101 in vivo. 

Discussion 

Recently, therapeutic strategies that target Bcl-2 have 
emerged as promising prospects for treating many types of 
cancer. AT-101, a natural cottonseed product, possesses 
anticancer activity via Bcl-2, Bcl-xL, and Mcl-1 inhibition 26 and 
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Figure 7 Interrupting Akt activation is involved in AT-101 -mediated apoptosis. U937 cells were pretreated with 20 [M of LY294002 for 1 h, followed by the addition of 
1 0 /uM AT-1 01 for 12 h. (a) Apoptosis was measured using flow cytometry. Error bars represent the mean ± S.D. (n = 5). Values for cells treated with AT-1 01 and LY294002 in 
combination were significantly higher than those for cells treated with AT-1 01 alone (**P< 0.01 ). (b and c) Total cellular extracts and cytosolic and mitochondrial fractions were 
analyzed by western blot analysis. U937 cells were stably transfected with constitutively active forms of Akt (Akt-CA6 and Akt-CA10) or an empty vector (pcDNA3.1). All cells 
were then treated with or without 20 /uM AT-101 for 12 h. (d) Apoptosis was measured using flow cytometry. Values for Akt-CA cells treated with AT-101 were significantly 
lower than those for pcDNA3.1 cells (**P< 0.01 ). (e and f) Total cellular extracts and cytosolic and mitochondrial fractions were analyzed by western blot analysis. C-Caspase 
3, cleaved-caspase-3; C-Caspase 9, cleaved-caspase-9; CF, cleaved fragment; COX IV, complex IV; Cyto c, cytochrome c; p, phosphorylated; PARP, poly (ADP-ribose) 
polymerase; PI, propidium iodide 



has recently advanced into clinical trials for treating patients 
with advanced malignancies. 17 Recent studies revealed that 
AT-101 induces apoptosis by targeting different anti- and 
proapoptotic Bcl-2 family proteins in various cancer cell types 
by distinct mechanisms that include downregulating Bcl-2, 
Bcl-xL, and XIAP; 18 upregulating Puma and Noxa; 12 releasing 
Smac and translocating Bax; 19 and releasing cytochrome c 
through conformational Bcl-2 changes. 27 In the present study, 
we demonstrated that AT-101 induces apoptosis and mito- 
chondrial injury (cytochrome c release) in human leukemia 
cells by downregulating Mcl-1, dephosphorylating Bad, and 
translocating Bax. Our results are consistent with previously 
reported findings that show that AT-1 01 induces apoptosis by 



downregulating Mcl-1 in chronic lymphocytic leukemia B 
cells, 28 dephosphorylating Bad in colorectal carcinoma 
cells 29 and translocating Bax in ovarian cancer cells. 19 

Akt is a serine-threonine kinase that is intimately involved in 
the regulation of cell survival. 30 It is activated by PI3-K 
recruitment to the cell membrane and is negatively regulated 
by the PTEN phosphatase. 31 Akt may directly or indirectly 
regulate Bcl-2 family members that control cell survival and 
death. The bulk of the evidence suggests that Akt directly 
phosphorylates Bad at Ser136, leading to its association with 
Bad and the inhibition of Bad-induced cell death. 32 Akt can 
also inhibit the translocation of Bax to the mitochondria by 
Ser184 Bax phosphorylation. 33 Akt has also been reported to 
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Figure 8 AT-101 inhibited tumor growth and induced apoptosis in a U937 xenograft animal model, (a) Survival comparison of the AT-101 and vehicle-treated groups 
(**P< 0.01 ). (b) Average tumor volumes of mice treated with vehicle or 50 mg/kg AT-101 . Data are mean ± S.D. (n = 20). Tumor volumes of mice treated with AT-1 01 were 
significantly lower than those of mice treated with vehicle (*P<0.05 or **P<0.01). (c) Body weight changes of mice during the 30 study days. Statistical analyses of body 
weight changes showed no significant differences between the AT-1 01 and vehicle-treated groups, (d) After treating with AT-1 01 (50 mg/kg), tumor tissues were sectioned and 
subjected to H&E staining, TUN EL assay, and immunohistochemistry analysis to evaluate histological morphology, apoptosis, and cleaved-poly (ADP-ribose) polymerase 
(C-PARP) and cleaved-caspase-3 (C-Caspase 3) expression, (e) Tumors from two vehicle-treated mice and two AT-1 01 -treated (50 mg/kg) mice were harvested and 
homogenized. Whole-tumor lysates were analyzed by western blot analysis or pull down assays, (f) A hypothetical model of AT-1 01 -induced lethality in leukemia cells. In this 
model, AT-101 induces RhoA/ROCK1 activation, leading to PTEN activation and Akt inactivation, which in turn results in Mcl-1 downregulation, Bad dephosphorylation, Bax 
translocation, and finally in mitochondrial injury (cytochrome c (Cyto c) release), caspase activation, and apoptosis. CF, cleaved fragment; p, phosphorylated 



block the phosphorylating ability of GSK3/? and to down- 
regulate Mcl-1. 34 Our findings revealed that AT-101 not only 
induces Mcl-1 downregulation, Bad dephosphorylation, and 
Bax translocation but also inhibits Akt phosphorylation. 
Constitutively active Akt largely blocked the Mcl-1 down- 
regulation, Bad dephosphorylation, and Bax translocation 
induced by AT-101. 

In this study, we demonstrated that the AT-1 01 -induced 
apoptosis in human leukemia cells occurs via the RhoA/ 
ROCK1/PTEN signaling pathway and Akt inactivation. These 
processes have a critical role in regulating apoptosis in 
response to AT-101. RhoA is a member of the Ras super- 
family of small guanosine triphosphatases (GTPases), which 
shuttles between an inactive GDP-bound state and an active 
GTP-bound state and exhibits intrinsic GTPase activities. 
ROCK1 is a serine/threonine kinase that is cleavaged/ 
activated by binding of GTP-RhoA to its C-terminal coiled- 
coil domain. 4 ' 35 ROCK1 -mediated apoptosis may proceed 
through actin cytoskeleton rearrangements, which in turn 
activate the caspase cascade. 36 The ROCK1 cleavage/ 
activation can be regulated by several distinct mechanisms, 
including RhoA and caspase-3 activation. Caspase-3 is 
believed to be responsible for ROCK1 cleavage/activation in 
apoptotic cells; ROCK1 is not cleaved in MCF-7 breast 
carcinoma cells, which are caspase-3 deficient. 5 Caspase-3 



cleavage of ROCK1 can also be inhibited by caspase 
inhibitors in a variety of apoptotic cells. 4 ' 37 However, 
caspase-3-independent cleavage of ROCK1 has been 
observed in apoptosis induced by extracellular ATP and the 
P2 x 7 ATP and in cancer cells subjected to a combined 
BGC9331 and SN-38 treatment. 38 ' 39 On the other hand, 
ROCK1 can also be cleaved/activated by RhoA-GTP 
by a conformational change that shifts the inhibitory 
carboxyl-terminal domain of ROCK1 away from its active 
kinase site. 40 

In the present study, treating U937 cells with both z-VAD- 
fmk, a caspase inhibitor, and AT-101 abrogated the AT-1 01- 
induced caspase-3 activation and apoptosis and failed to 
prevent ROCK1 cleavage/activation. This strongly suggested 
that other factors mediated ROCK1 activation under these 
conditions. Our results strongly support the hypothesis that 
ROCK1 is cleaved/activated by GTP-bound RhoA based on 
the following findings. First, AT-101 treatment induced RhoA 
activation by GTP-bound RhoA. Second, pretreatment with 
C3, which inactivates RhoA, completely abolished the 
cleavage/activation of ROCK1. Finally, pretreatment with C3 
also significantly abrogated the AT-1 01 -mediated apoptosis. 
Taken together, these results suggest that RhoA, rather 
than caspase-3, activates ROCK1 during AT-1 01 -induced 
apoptosis. 
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Recent evidence identified PTEN as a new ROCK1 
substrate that is also involved in cell death and survival. 6 
PTEN is a negative regulator of the PI3-K/Akt pathway, and 
PTEN phosphorylation by ROCK1 stimulates its phosphatase 
activity. 7 Several studies have found that RhoA/ROCK1 
activation enhances PTEN activity and suppresses Akt 
activation. For instance, PTEN phosphorylation by ROCK1 
decreases Akt phosphorylation in HEK cells. 9 RhoA and 
ROCK1 , its effector kinase, inhibit Akt activation by enhancing 
PTEN activity. 41 Our findings are consistent with these reports 
and suggest that RhoA/ROCK1 activation contributes to the 
Mcl-1 downregulation and apoptosis induced by AT-101 via 
PTEN activation and Akt inactivation. Specifically, AT-101 
activates RhoA/ROCK1 and PTEN and inactivates Akt. 
Inhibiting ROCK1 activation by both Y27632 and a ROCK1- 
specific siRNA attenuated the apoptosis mediated by AT-101 
by inhibiting PTEN activity and Akt inactivation. 

Previous reports indicate that inhibition of the RhoA/ 
ROCK1/PTEN pathway and prolonged Akt activation are 
key regulatory steps in cell transformation and tumorigen- 
esis. 42 Because RhoA/ROCK1/PTEN activation and Akt 
inactivation have critical roles in AT-101 -induced apoptosis 
in human leukemia cells, a better understanding of these 
pathways involved in regulating apoptosis is probably of 
therapeutic benefit for treating hematological malignancies. 
As AT-101 has been recently introduced into clinical trials, 13-16 
further attempts to explore this novel strategy seem 
warranted. 

In summary, the present study found that AT-101 selec- 
tively induces apoptosis and mitochondrial injury in human 
leukemia cell lines and primary human leukemia cells, and 
also inhibits tumor growth of U937 xenografts by activating 
RhoA/ROCK1/PTEN signaling and inactivating Akt. Collec- 
tively, these findings support a hypothetical model of AT-1 01 - 
induced lethality in leukemia cells (Figure 8f). In this model, 
AT-101 induces RhoA/ROCK1 activation, leading to PTEN 
activation and Akt inactivation, which in turn results in Mcl-1 
downregulation, Bad dephosphorylation, Bax translocation, 
and finally in mitochondrial injury (cytochrome c release), 
caspase activation, and apoptosis. Further efforts to under- 
stand the mechanism(s) by which AT-101 induces apoptosis 
in human leukemia cells both in vitro and in vivo could improve 
treatment outcomes for leukemia and potentially other 
hematologic malignancies. 

Materials and Methods 

Cells and reagents. U937, HL-60, and Jurkat cells were provided by the 
American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were 
cultured in RPM1 1640 medium supplemented with 10% fetal bovine serum (FBS). 

Peripheral blood samples for the in vitro studies were obtained from 15 patients 
with newly diagnosed or recurrent AML after acquiring informed consent (four of 
those patients are M2, five are M4, and six are M5 according to the FAB 
classification system). Approval for these studies was obtained from the Southwest 
Hospital (Chongqing, China) Institutional Review Board. AML blasts were isolated 
by Histopaque-1077 density gradient centrifugation (Sigma-Aldrich Co., St. Louis, 
MO, USA) at 600 x g for 1 5 min. The isolated mononuclear cells were suspended at 
8 x 10 5 /ml in RPM1 1640 medium. Fresh normal peripheral blood mononuclear cells 
were isolated from blood samples that were collected from healthy volunteers. 

The constitutively active form of Akt (Akt-CA) was kindly provided by Dr. Richard 
Roth (Stanford University, School of Medicine, Stanford, CA, USA). Akt-CA was 
subcloned into pcDNA3.1 , and U937 cells were stably transfected with Akt-CA using 
Amaxa Nucleofector (Koeln, Germany) according to the manufacturer's instructions. 



Stable single-cell clones were selected by 400 ^g/ml of geneticin. Thereafter, Akt 
expression from each cell clone was analyzed using western blots (see below). 

AT-101 was obtained from Ascenta Therapeutics (San Diego, CA, USA), 
Y-27632 and TW-37 from Santa Cruz Biotechnology (Santa Cruz, CA, USA), C3 
exoenzyme from Calbiochem (San Diego, CA, USA). LY294002 and z-VAD-fmk 
were both purchased from EMD Biosciences (La Jolla, CA, USA). Antibodies 
against Akt, Bcl-2, Bcl-xL, cytochrome c, and /?-actin were obtained from Santa 
Cruz Biotechnology; procaspase-3, procaspase-9, cleaved caspase-3, cleaved 
caspase-9, cleaved PARP, phospho-Akt (Ser473), phospho-PTEN, PTEN, 
phospho-Bad, Bad, COX IV, and RhoA from Cell Signaling Technology (Beverly, 
MA, USA); Mcl-1 and Bax from Pharmingen (San Diego, CA, USA); PARP from Biomol 
(Plymouth Meeting, PA, USA); and ROCK1 from Abeam (Burlingame, CA, USA). 

Apoptosis analysis and mitochondrial membrane potential 

(A\|/ m ). The extent of apoptosis in the leukemia cells was evaluated by flow 
cytometry using the Annexin V/PI staining kit (Pharmingen) according to the 
manufacturer's instructions. To analyze A\|/ m , 2 x 10 5 cells were incubated with 
40 nm 3,3-dihexyloxacarbocynine (DiOC 6 ; Molecular Probes Inc., Eugene, OR, 
USA) in PBS at 37 °C for 20 min. Then analyzed using a Becton-Dickinson 
FACScan cytofluorometer (Becton-Dickinson, San Jose, CA, USA) as previously 
described. 43 

Western blots. Total cellular samples were washed two times ice with ice-cold 
PBS and then lysed in 1 x NuPAGE LDS sample buffer supplemented with 
50 mM dithiothreitol. Protein concentrations were determined using the Coomassie 
Protein Assay Reagent (Pierce, Rockford, IL, USA), and 30 /ug of sample proteins 
were separated using SDS-PAGE and transferred to nitrocellulose membrane. 
Membranes were blocked with 5% fat-free dry milk in 1 x Tris-buffered saline and 
then incubated with antibodies. Protein bands were detected by incubating with 
horseradish peroxidase-conjugated secondary antibodies (Kirkegaard and Perry 
Laboratories, Gaithersburg, MD, USA), which were visualized with enhanced 
chemiluminescence reagent (Perkin-Elmer, Boston, MA, USA). 

Cytosolic cytochrome c and Bax and mitochondrial Bax 
analysis. Mitochondrial and cytosolic fractions were obtained as described 
previously. 43 These fractions were prepared and analyzed by western blots to 
monitor cytochrome c and Bax expression. 

RNAi assay. Caspase-3 shRNA (h), ROCK1 shRNA (h), and control shRNA 
lentiviral particles were purchased from Santa Cruz Biotechnology. U937 cells 
were incubated with the lentiviral vectors and 5 ^g/ml polybrene overnight. After 
treatment, apoptosis levels were measured by flow cytometry, and total cellular 
extracts were prepared and analyzed by western blots. 

RhoA activity assay. The RhoA activity assays were performed according to 
the manufacturer's instructions (Cytoskeleton, Denver, CO, USA). Briefly, 5 x 10 5 
U937 cells were plated and cultured for 2 days. Samples were then rapidly lysed 
at 4 °C and incubated with sepharose-bound Rhotekin to pull down active RhoA. 
After washing, the bead/protein complexes were boiled in sample buffer and 
separated by SDS-PAGE. The blots were incubated with an antibody against 
RhoA. 

Immunofluorescence. Cells were preincubated with 500 nM MitoTracker 
Red CMXRos (Molecular Probes, Eugene, OR, USA) for 30 min at 37 °C, washed 
two times with RPMI 1640 medium, and then treated with or without 20 ^M 
AT-101 for 12 h. Cells were then collected via centrifugation, fixed with 4% 
paraformaldehyde for 15 min, permeabilized by 0.1% Triton X-100 for 10 min, and 
then blocked with 1% bovine serum albumin for 30 min. Cells were further 
incubated with a primary cofilin antibody at 4°C overnight, followed by a 
secondary Alexa 488-conjugated goat anti-mouse antibody (Molecular Probes) for 
1 h at room temperature. After washing, images were captured using a Leica 
scanning confocal microscope (TCS SP5; Leica Microsystems, Mannheim, 
Germany). 

Xenograft assays. NOD/SCID mice (5 weeks old) were purchased from Vital 
River Laboratories (VRL, Beijing, China). All animal studies were conducted 
according to protocols approved by the University's Institutional Animal Care and 
Use Committee (IACUC). Forty mice were inoculated with U937 cells (2 x 10 6 
cells per mouse, subcutaneously) and then randomly divided into two groups 
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(n = 20 per group). Five days after tumor inoculation, mice received either AT-101 
(50 mg/kg, intraperitoneal^, five times per week) or an equal volume of vehicle. 
The mice were monitored daily for signs of tumor growth, body weight, and time of 
death. Tumor tissues from representative mice were sectioned, embedded in 
paraffin, and processed for H&E, TUNEL, and immunohistochemical analysis. 

TUNEL, histological, and immunohistochemical evaluations. 

The apoptotic cells in the tissue samples were detected using an In Situ Cell 
Death Detection kit (Roche, Mannheim, Germany) according to the manufacturer's 
instructions. Tumor tissues from representative mice were sectioned, embedded in 
paraffin, and prepared for histological and immunohistochemical evaluations as 
described previously. 44,45 

Statistical analyses. All data are expressed as means ±S.D. of five 
individual experiments. The statistical significance of the difference between 
control and AT-101 -treated groups was evaluated using Student's f-test. The 
survival analysis was analyzed using the Kaplan-Meier method, and significance 
was calculated using the log-rank test. *P<0.05 or **P<0.01 were considered 
statistically significant. 
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